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The process of nucleation of multiwall carbon nanotubes in chemical vapor deposition process with
nickel as catalyst and methane as a carbon precursor is analyzed. The nucleation is considered as a
specific instability developed on the surface of a metal catalyst particle supersaturated with carbon.
The energy released in graphitization of carbon from the metal-carbon solution is shown to be
crucial for the nanotube nucleation. The energy released may be high enough for substantial metal
heating resulting in partial liquefaction of the catalyst particle. The proposed mechanism can be
called vapor-solid-liquid-solid VSLS as the catalyst particle may be in a mixed solid-liquid or
liquidlike state during nucleation and unstable phases of nanotube growth. © 2007 American
Institute of Physics. DOI: 10.1063/1.2769354
I. INTRODUCTION
The vapor-liquid-solid VLS theory is widely accepted
to describe the formation of carbon tubular nanostructures in
catalytic decomposition of carbon gas precursors.1 In the
model, gas molecules decompose on a liquid metal surface,
carbon atoms diffuse through the metal particle and precipi-
tate at the particle back side forming nanotubes or filaments.
However, in chemical vapor deposition CVD experiments,
the temperature is usually considerably lower than the cata-
lyst melting temperature Tm. Thus the metal particle is ex-
pected to be solid during the synthesis, although it is known
that the Tm value can be significantly lowered for small par-
ticles saturated with carbon.2–5 The question of whether the
catalyst particle is liquid or solid during nanotube growth
under typical CVD conditions T1000 °C is still the sub-
ject of discussions.2,6 This is determined by the difficulty to
monitor the particle state in situ, whereas the postgrowth
observations can give only limited information on the par-
ticle behavior during the process. Moreover, particle can suf-
fer reshaping and phase transformations during cooling when
the synthesis is stopped. In situ environmental transmission
electron microscopy ETEM observations by Helveg et al.7
performed at a relatively low temperature of 500 °C, indi-
cated that the small Ni particles were crystalline solid dur-
ing the growth process using CH4/H2 mixtures. More re-
cently, Hofmann et al.8 in similar ETEM experiments using
low-pressure NH3/C2H2 gases and temperatures up to
700 °C, have shown that the core of Ni catalyst particle re-
mains crystalline during the continuous process of carbon
nanofiber formation. Liquidlike behavior of the catalyst par-
ticle fast self-diffusivity was invoked in order to explain
enhanced particle mobility during process phases when
strong particle reshaping occurs: dewetting from the sub-
strate during the thermal catalyst treatment and particle elon-
gation followed by its contraction during the nucleation.8
On the other hand, in experiments of Gorbunov et al.6
see also references therein, apparently molten Ni nanopar-
ticles moving on the surface of amorphous carbon were ob-
served at 700 °C. For particles bigger than 100 nm, the lost
of mobility and crystallization were observed. Bartsch et al.2
studied the growth of multiwall nanotubes MWCNTs in a
plasma enhanced CVD process using methane and Ni as
catalyst similar results were obtained for Co and Fe and
compared the rates of nanotube growth and carbon diffusion
in solid and liquid Ni. The substrate temperature was varied
between 850 and 1100 °C. From temperature dependencies
of the growth rate it was concluded that the catalyst particles
were solid for lower temperatures T950 °C, when
mostly bamboolike tubes were grown at a low growth rate of
1 nm/s. For higher temperatures, longer growth rate
about an order of magnitude higher and more regular tubu-
lar structures were obtained, and the catalyst particles were
apparently in a liquid or liquidlike state. It is also possible
that catalyst particles were only partially liquefied as carbon
diffusion, to supply the nanotube growth, could occur mostly
through the liquid surface layers.
The problem of melting point depression for metal nano-
particles is a subject of intense studies for the last few
decades.5,9 Recently, by using optical sampling to detect vi-
brational motion of supported Au particles, structural
changes phase transition of 60 nm diameter Au metallic
nanoparticles have been shown to take place at temperatures
as low as 104 °C.10 Surface restructuring due to melting of a
surface layer was shown to be responsible for the observed
transition. Note that apparent spherical shape was not
changed when crossing the transition, and only at higher
temperatures 290 °C the particles were shown to sinter to-
gether, suffering strong reshaping. The nanoparticles are
thought to develop a core-shell structure with an elastic core
and viscous shell,10 and this model can explain the liquidlike
behavior of metallic nanoparticles at temperatures much
lower than that of bulk melting.9
While certain progress is achieved in understanding
aAuthor to whom correspondence should be addressed; FAX: 55-19-
3788-5177; electronic mail: stanisla@ccs.unicamp.br
JOURNAL OF APPLIED PHYSICS 102, 044303 2007
0021-8979/2007/1024/044303/6/$23.00 © 2007 American Institute of Physics102, 044303-1
Downloaded 21 Aug 2013 to 143.106.1.143. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions
mechanisms occurring during stable growth of a
nanotube,11,12 the mechanisms of its nucleation are still basi-
cally unclear. Instabilities occurring on the catalyst surface
are usually believed to initiate the nucleation of nanotubes.
Note that the formation of bamboolike nanotubes can be also
considered as certain instabilities that interrupt the phase of a
stable nanotube growth.2,13 It this work, various dynamic
phenomena observed during the nucleation and growth of
MWCNTs employing methane and Ni catalyst are analyzed,
and a mechanism of the nanotube nucleation is proposed
based on a specific surface instability.
II. EXPERIMENT
Thin 6 nm Ni films were deposited by evaporation
onto oxidized Si and annealed in a quartz tube furnace at
700 °C in H2 for 30 min to form separate catalyst particles.
14
Then, atmospheric pressure CVD processes in CH4 or
C2H2 mixtures with H2 were performed at 800–950 °C,
usually for 30 min. In most cases, NH3 was used in the ini-
tial phase of the synthesis 5 min instead of H2. Scanning
electron microscopy SEM images were obtained using
JSM-6330F, JEOL, and Nova 200 Nanolab, FEI Co. TEM
images were obtained using high resolution TEM HRTEM
JEM 3010 URP, JEOL. In order to study the process of
nucleation, some experiments were realized on especially
prepared TEM grids. The grids were sequentially covered by
thin layers of amorphous carbon a structural layer, SiO2,
and Ni catalyst. After that, conventional annealing and short
5 min growth processes were carried out. This procedure
allows to avoid the process of a sample transfer to a TEM
grid, which is known to be highly damaging, and to obtain
high quality TEM images of nanotubes soon after their
nucleation, under the same conditions that those used for
normal growth.
III. RESULTS AND DISCUSSIONS
A very low density of nanotubes grown Fig. 1 is ob-
served for CH4, being about two orders of magnitude lower
than that for C2H2 not shown, in accordance with other
studies.15 Methane decomposition on the particle surface, in
contrast to acetylene, is endothermic. This favors the forma-
tion of amorphous carbon on the particle surface due to par-
tial methane decomposition and, eventually, results in a com-
plete particle encapsulation.
Figures 2a and 2b show typical atomic force micros-
copy AFM and SEM images of Ni catalyst particles sized
from 10 to 100 nm in diameter, and from 10 to 40 nm in
height after the annealing process, i.e., before the growth in
experiments where no methane was admitted into the cham-
ber. It is generally accepted that the nanotube diameter is
determined by the catalyst particle.2,16 However, in the
present study, for Ni particles larger than 80 nm nucleation
of smaller diameter 20–60 nm nanotubes was observed
Figs. 3a and 3b, see also Ref. 17. It can be clearly seen
Fig. 3c that Ni particles partly or completely flew inside
the tubes during the nucleation. This indicates that metal
particles or at least their central parts where the nucleation
usually occurs, were in a liquid or liquidlike state during
the nucleation phase even though the process temperature
was too low for the metal melting. In the absence of NH3,
the density of nanotubes was lower, and unconventional tu-
bular structures with a changing diameter were obtained
along with normal tubes Fig. 4. These structures have di-
ameter changing periodically between 60 and 90 nm, col-
lapsing in some cases to 20 nm. In many cases, metal par-
ticles after strong reshaping during the process can be seen
encapsulated in wider sections of the tubes. Somewhat simi-
lar structures were reported by Jourdain et al.13
The results presented give the evidence that catalyst par-
ticles may be found in a liquid or liquidlike state during
certain phases of nanotube nucleation and growth,3,6 even
though the process temperatures are much lower than Tm for
Ni 1453 °C. It is important to emphasize that low rates of
nanotube growth obtained here 20–50 nm/min, compa-
rable with those obtained in Ref. 2 under similar temperature
conditions, strongly indicate that the catalyst particles were
predominantly in a solid rather than liquid state during the
FIG. 1. SEM image, growth conditions: 850 °C, H2/CH4=400:50 SCCM
SCCM denotes cubic centimeter per minute at STP, 30 min.
FIG. 2. AFM a and SEM b images of Ni nanoparticles after annealing
process: H2 atmosphere, 900 °C, 5 min.
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stable phase of the growth. The lowering of Tm for Ni–C
solution at the eutectic point is relatively small 110 °C. For
particles smaller than 100 nm Tm can be further reduced.
4,5
However, a strong decrease of Tm 200 °C is possible
only for very small Ni particles 10 nm in diameter. Thus
bigger particles, even saturated with carbon, should be solid
at T1000 °C. Moreover, the nucleation occurs usually in
the particle central part Fig. 3b, expected to be relatively
flat. Then apparent partial melting of bigger Ni particles dur-
ing nanotube nucleation cannot be attributed directly to
curvature-dependent effects.
Further support for the hypothesis of Ni catalyst partial
melting during initial stage of the nanotube growth was ob-
tained here in short growth 5 min experiments with espe-
cially prepared TEM grids see above, which had the same
structure of upper layers: a thin Ni film supported on the
SiO2 layer. TEM images obtained Figs. 5 and 6 show that
the catalyst particle elongation and partition, under the
present conditions, occurs in a way apparently different from
that observed for lower process temperatures and smaller
particles.7,8 Catalyst particles can be seen partly ejected into
the nanotubes Figs. 5a–5d, forming long up to 200 nm,
see Fig. 5c protrusions that can be eventually broken in
smaller parts Fig. 5d. High mobility of the metal catalyst,
during the nucleation phase, is evident. Futhermore, conical
graphitic layers marked in Fig. 6a were deposited evidently
just before the partition of the elongated Ni particle. This
finding clearly indicates that: i the particle breaking occurs
through the formation of meniscus, which is characteristic of
liquids; ii before the partition the particle was highly super-
saturated with carbon carbon content in the molten Ni–C
particles can reach 50 at. %,6 our estimate using Figs. 5 and
6 gives about the same result; iii the process of graphitic
layers deposition from the supersaturated metal-carbon solu-
tion is fast and terminates just before the particle contraction.
FIG. 3. SEM images, growth conditions: 900 °C, 30 min, H2/CH4 ratios:
a and b 400:100 SCCM, c 400:25.
FIG. 4. SEM images, growth conditions: 950 °C, 30 min, H2/CH4
=400:50 SCCM, a without NH3. b offset of the image a.
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The observed phenomena can be explained considering
microenergetics of the process. The formation of a graphitic
layer from C atoms dissolved in a catalyst is an exothermic
process.4,18–20 Experimental evidence of considerable energy
release during catalytic graphitization of amorphous carbon
resulting in transition of Fe catalyst nanoparticles into liquid
state at a temperature as low as 640 °C was reported in Ref.
21. A mechanism of MWCNTs nucleation for the Ni/CH4
case can now be considered Fig. 7. As methane dissociates
on the Ni surface Fig. 7a, carbon starts to accumulate in
the particle, with the carbon concentration C always higher
in the surface layer. When C approaches to supersaturation,
FIG. 5. TEM images, growth conditions: 950 °C,
H2/CH4=70:140 SCCM, 5 min. The images show
elongation and partition of catalyst particles during
nucleation and initial growth.
FIG. 6. TEM images, growth conditions: 950 °C, H2/CH4
=70:140 SCCM, 5 min. The arrows indicate a conical graphitic layers. b
offset of the image a.
FIG. 7. Mechanism of nanotube nucleation: a initial carbon absorption on
metal particle, b perturbation of the particle surface, c carbon precipita-
tion around the protrusion, and d nanotube formation and particle take-off.
The arrows indicate the flow of carbon.
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the mobility of the quasiliquid surface layer increases, so that
a flat particle surface becomes unstable and small surface
perturbations can occur Fig. 7b. The mechanism of this
perturbation in supersaturated metals was first analysed by
Mullins and Sekerka.22 It was shown that the surface became
unstable if the radius of perturbation exceeded a critical
value, which reduced with increasing supersaturation. The
driving force for the instability is the concentration gradient
of the solute. Smaller perturbations are stabilized by the cap-
illary effect reduction of the surface area. In other words,
these deviations from the flat surface are reversible until the
C value is under the critical level, but its further increase
can start an irreversible process. In experiments with carbon
nanotube growth using thin Ni films as catalyst, evidence of
strong surface modification fragmentation of the nickel film
subsurface and formation of grains in the initial phase of the
process was reported by Kukovitsky et al.16,23 Moreover, the
catalytic activity and carbon diffusion were observed to en-
hance markedly at the metal grain boundaries.
Carbon solubility in metals is known to depend on the
surface curvature, being the maximum for protrusions i.e.,
under convex surfaces, intermediate for flat surfaces and
minimum for valleys negative curvature.5 Therefore, when
a local surface perturbation a protrusion surrounded by a
circular valley is formed, carbon atoms may start to precipi-
tate at the bottom around the protrusion, where the C value
turns out to be above the critical supersaturation level Fig.
7c. The following steps constitute the scenario of a spe-
cific surface instability resulting in a nanotube nucleation
Fig. 7d: 1 At a high enough temperature, the carbon
precipitation may result in the formation of tubular graphitic
layers energetically favorable process around the protru-
sion. 2 This results in local heating of the metal in contact
with the emerging structure and enhances carbon diffusion in
the area close to the perturbation. 3 Since the C value in
this area is reduced after the initial precipitation, a strong
concentration gradient is formed which accelerates the car-
bon influx from adjacent regions. 4 New portions of C
atoms coming to the precipitation site from outer parts of the
particle contribute to the further growth of the tube, releasing
more heat, and so on.
This process leads to a strong local overheating of the
particle. Assuming that: i carbon atoms corresponding to
10 at. % of Ni–C solution form graphitic layers, ii the en-
ergy released in graphitization from a Ni–C solution is
0.5 eV per C atom,19 iii the energy release is instantaneous
thus neglecting heat dissipation, a simple estimate for the
temperature rise gives T exceeding 150 °C. The molar heat
capacity cpNi=26 J /mol K was used. Heat dissipation due
to radiation and heat conduction will result in somewhat
lower T. On the other hand, the initial carbon content can
be much higher than 10 at. %. Thus the local overheating can
be strong enough to promote at least partial metal melting
and a “pulsed” extrusion of carbon, accumulated in the par-
ticle during the incubation period. The catalyst area from
which carbon is extracted during nucleation is limited by
diffusion. If the particle diameter exceeds 0.2–0.3 m, the
formation of a number of multiwalled nanotubes i.e., nucle-
ation sites from a single metal particle is possible as well as
from nanostructured metal films.23,24 This shows that the
nucleation process involves carbon accumulated in and ex-
tracted from a certain volume of the catalyst. This volume
must be smaller for lower temperatures when diffusion is
slower, and this was confirmed by our special experiments,
to be published elsewhere.25 Further, as the nanotube growth
starts, a part of the metal/carbon liquidlike solution is ejected
inside the tube and then serves as a catalyst particle in a
tip-growth mode. Note that since ammonia is known to etch
Ni, this may contribute to enhance roughening of the metal
surface thus facilitating the nanotube nucleation through the
discussed mechanism. It is important that the metal heating
due to graphitic layer deposition becomes much weaker for
the stationary phase of growth due to radiation losses and
reduced carbon supply occurring now through a small area of
the front particle surface, Fig. 7d, as compared with the
pulsed heat release during the nucleation process. This can
result in significant slowing down of the nanotube growth
rate soon after nucleation.2 Furthermore, due to changed
thermal balance, the nucleation is not necessarily followed
by a stable growth, as can be seen in Figs. 3 and 5. In some
cases, oversupply of carbon on the reaction surface can also
be responsible for cessation of the nanotube growth, as
shown by Klinke et al. for Fe as a catalyst.26 In this case,
iron carbide Fe3C can be formed which is characterized by
very low carbon diffusion.
A similar process of sudden overheating of a catalyst
particle or its part can probably occur also during the growth
phase. This may happen when the process of nanotube for-
mation decelerates due to reduced reactivity of the catalyst
particle as a result of amorphous carbon accumulation on its
front surface. Note that this is more probable in the absence
of NH3 which effciently removes amorphous carbon. At this
moment, the particle can become slightly cooler less energy
is released in graphitization, and the carbon concentration at
the particle back side turns out to be supersaturated. This can
result in a sudden graphitic carbon precipitation followed by
the scenario described above. The corresponding particle
heating can reestablish conditions necessary for the growth.
This mechanism may explain formation of periodical struc-
tures shown in Fig. 4 and various bamboolike forms.2,13 The
fact that these structures are characteristic for the processes
carried out with methane as carbon feedstock and Ni catalyst
at moderate temperatures 1000 °C gives further support
for the proposed model.
In experiments reported by Ichihashi et al.,27,28 bamboo-
like structures were obtained in another kind of experiment,
when tubulization of amorphous carbon nanopillars cata-
lyzed by Fe nanoparticles moving inside the pillars at
650 °C was studied by in situ TEM. Strong variation of the
speed of the Fe particle movement inside the pillar the
speed of tubulization was observed. It is interesting to note
that the acceleration of the process occurred immediately af-
ter the deposition of graphitic caps behind the particle, form-
ing a bamboolike structure. In turn, the cap deposition occurs
after the period of a very slow transformation estimated to
last a few hundred milliseconds.27,28 This fact is a clear in-
dication that carbon diffusion through the catalyst particle or
its surface layers is strongly enhanced after fast deposition
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of graphitic caps from the supersaturated catalyst. Analysis
of the data presented in Fig. 5 of Ref. 28 shows that the
speed of Fe particle inside the 10 nm diameter amorphous
carbon pillar rises at least an order of magnitude up to
20 nm/s, from less than 2 nm/s during the slow phase
after the sudden graphitization occurring behind the particle.
Considering that the process is limited by diffusion, the cata-
lyst temperature rise T after the graphitic cap deposition
when diffusion becomes at least ten times faster can be
estimated. The estimate gives the T value of 100 °C if
the activation energy of 1.6 eV Refs. 2 and 29 for bulk
diffusion is assumed. If the contribution of carbon diffusion
through the surface layers lower activation energy8,29 is
dominant, then even higher temperature jump can be evalu-
ated. Note that in this case, periodical bamboolike structures
and similar ones shown in Fig. 4 were obtained in the ab-
sence of nitrogen, which is frequently believed to be respon-
sible for generation of these structures, through incorporation
of nitrogen i.e., creating defects into the graphitic layers.8,29
IV. CONCLUSIONS
The work presents the results of the study of multiwall
carbon nanotube nucleation and growth in thermal CVD us-
ing methane and nickel catalyst, at atmospheric pressure and
temperatures of 800–950 °C. Experimental evidences have
been obtained to reveal the crucial role of additional catalyst
heating up to 100 °C or more occurring due to energy re-
leased in fast graphitization during the nucleation phase. This
pulsed heating can explain the liquidlike state enhanced mo-
bility and diffusivity of the catalyst particle, apparently
formed under the present conditions when the nanotube
starts to grow. The nucleation from a big catalyst particle is
considered here as a specific surface instability with the ini-
tial step described by the well-known Mullins-Sekerka
mechanism impurity segregation from metals under critical
supersaturation conditions.22 The proposed model of nano-
tube nucleation can be called vapor-solid-liquid-solid
VSLS, in contrast to the VLS model, emphasizing that the
catalyst may be found in a mixed solid-liquid or liquidlike
state during nucleation and unstable phases of nanotube
growth.
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